Introduction {#s1}
============

Clathrin-mediated endocytosis (CME) is the major pathway for eukaryotic cells to internalize plasma membrane and extracellular molecules. In yeast, the invagination of a clathrin-coated pit (CCP) and formation of the \~50 nm vesicle relies on a dense meshwork of cytoskeletal actin filaments and associated proteins ([@bib20]; [@bib26]; [@bib28]). This localized, rapidly-assembled actin meshwork is necessary to generate the force to bend the plasma membrane inward and overcome the cell's high turgor pressure ([@bib1]; [@bib11]; [@bib14]). Although many endocytic proteins and their biochemical mechanisms have been characterized, our understanding of the molecular machinery is incomplete, especially in quantitative terms of how the endocytic assembly generates sufficient forces ([@bib34]).

CME is a challenging target for study because the entire assembly is smaller than the optical diffraction limit (\~250 nm), the numbers of molecules at the site rapidly change, and most of the dynamics occur within \~20 s. These unique challenges have made theoretical modeling and novel imaging techniques necessary for detailed study of CME ([@bib7]). Quantitative microscopy studies of the assembly and disassembly of endocytic proteins have revealed a robust timeline of self-assembly, as actin and associated proteins polymerize into a meshwork during invagination of the CCP and then gradually disassemble after the vesicle is pinched off ([@bib8]; [@bib26]; [@bib46]; [@bib54]; [@bib61]). And while recent super-resolution imaging and electron microscopy of CME sites have revealed increasingly detailed structural organization ([@bib2]; [@bib44]; [@bib59]), these techniques are not currently able to quantify the dynamics of individual molecules within the endocytic site.

Theoretical calculations estimate that the amount of force needed to counteract turgor pressure and invaginate the membrane during CME in yeast is in the range of 1000--3000 pN, or a total energy of 6\*10^4^ k~B~T ([@bib13]; [@bib16]; [@bib34]; [@bib63]; [@bib65]; [@bib38]). The endocytic actin meshwork is composed of 100--200 short, Arp2/3-branched actin filaments that are capped shortly after nucleation; quantitative modeling indicates fewer than ten filament ends are polymerizing at any given time ([@bib8]; [@bib54]), each capable of producing around 1--10 pN of force ([@bib19]; [@bib30]). Even after accounting for other force-producing mechanisms, the force from a burst of actin polymerization appears to be insufficient to drive membrane deformation.

Based on the dendritic nucleation model and theoretical results ([@bib6]), we hypothesized that continuous polymerization and disassembly of actin filaments underlies the observed dynamics in CME, which could allow the meshwork to generate more force than a single burst of filament polymerization. Turnover dynamics have been observed in other actin assemblies like lamellipodia ([@bib48]; [@bib66]; [@bib72]). Fluorescence Recovery After Photobleaching (FRAP) experiments with endocytic actin ([@bib26]; [@bib27]; [@bib46]) and membrane-coat proteins ([@bib56]; [@bib69]) suggest the endocytic machinery is more dynamic than has been appreciated, and previous modeling based on mass action kinetics predicted that the number of molecules for actin nucleators Arp2/3 and WASp consumed over an endocytic event was several times greater than the peak number of molecules present ([@bib6]). However, these experimental and theoretical results can be difficult to interpret and cannot be used to directly determine specific rates and residence times. Recent literature still generally assumes the endocytic meshwork assembles and disassembles in discrete phases and current models take a simplified view of actin turnover, expecting a single phase of assembly followed by disassembly after vesicle formation ([@bib12]; [@bib21]; [@bib44]; [@bib47]; [@bib65]). As has been shown in other actin systems, continuous turnover of filaments allows a network to sustain high amounts of force production over time ([@bib15]; [@bib40]; [@bib42]; [@bib49]), converting chemical energy from ATP hydrolysis of actin polymerization into mechanical work over the meshwork's lifetime, among other mechanisms. Recent theoretical work based on the dendritic nucleation model, which relies on actin disassembly and turnover, suggests that the endocytic actin meshwork can sustain forces around 2500 pN, sufficient to achieve the membrane invagination ([@bib45]). Turnover of network components like crosslinkers would also enable remodeling of the meshwork, allowing the redistribution of stored elastic energy ([@bib37]; [@bib47]; [@bib39]) and higher order visco-elastic mechanisms. However, exchange and turnover of single molecules has not been directly observed in CME because conventional microscopy tools lack the resolution to measure such behavior within a transient and diffraction-limited structure like the endocytic patch.

In this study, we applied a variation of single-molecule speckle microscopy to track individual molecules in CME sites in live fission yeast. For eight target proteins, including actin-meshwork and membrane-coat proteins, we sparsely labeled the proteins in the cell and applied single-molecule localization and tracking analyses. These results provide direct evidence for rapid and continuous turnover of the endocytic meshwork on the timescale of 1--2 s, and their motions reveal heterogeneous behaviors at the molecular level. This observation verifies a key behavior of how the endocytic actin meshwork is able to generate and sustain forces to remodel the membrane in CME.

Results {#s2}
=======

Different hypothetical mechanisms can generate similar bulk measurements {#s2-1}
------------------------------------------------------------------------

A common interpretation of previous endocytic patch intensity tracking data is that the actin monomers and associated proteins polymerize into a meshwork during the CCP invagination and then gradually disassemble after the vesicle is pinched off. We hypothesized that the apparent time-course of endocytic actin could result from a dynamic structure with continuous turnover where net growth and net disassembly are achieved by altering the balance between nucleation/polymerization and disassembly rates.

We first performed basic logical simulations to illustrate that such fundamentally different models as all-in-one assembly or continuous turnover could each generate apparent dynamics that resemble previously observed microscopy data ([Figure 1](#fig1){ref-type="fig"}). In the simplest case, components are recruited and then disassembled in discrete phases ([Figure 1A](#fig1){ref-type="fig"}), resulting in the characteristic profile of growth and decay of the number of molecules at the site ([Figure 1C](#fig1){ref-type="fig"}, top row). A single additional rule, to assume that the oldest components will be the first to be removed ('first-in/first-out', [Figure 1C](#fig1){ref-type="fig"}, middle row), generates an identical profile of the number of molecules over time. Such a model resembles actin filaments, with polymerization at their barbed end and depolymerization from the pointed end, or other oligomeric lattices with directional assembly and disassembly. A third model of assembly with continuous turnover of short-lived components ([Figure 1B](#fig1){ref-type="fig"}) can generate a profile of molecules over time that appears similar to the distinct assembly/disassembly models ([Figure 1C](#fig1){ref-type="fig"}, bottom row).

![Different molecular mechanisms may give rise to similar apparent bulk dynamics.\
(**A--B**) Many models suggest directed assembly and disassembly of actin in endocytosis but it is unclear whether the actin meshwork assembles and then disassembles in distinct phases (**A**) or continuously turns over during its bulk lifetime (**B**). Individual monomers are illustrated by magenta and yellow stars, with their residence times indicated. (**C**) Simulated assembly and disassembly according to different hypothetical models: random assembly and disassembly in separate phases (top row), directed assembly with first-in/first-out disassembly (middle row), assembly with continuous turnover (bottom row). Far left: simulated occurrences of binding (blue) and unbinding events (red) underlying the assembly and disassembly mechanisms. Mid left: residence times of individual molecules, a quantity that clearly differentiates between the models. Mid right: number of molecules over time, a measurable quantity that can appear similar across the models. Far right: cumulative number of molecules consumed over time, normalized to the peak number of molecules present.](elife-52355-fig1){#fig1}

Although they are not explicit simulations of molecular binding and unbinding processes, these simple logical models provide some illustrative comparisons. The underlying differences in the models are illustrated by the arrival and departure times, or binding and unbinding events ([Figure 1C](#fig1){ref-type="fig"}, left), features that are not directly accessible by conventional experimental measurements. However, single-molecule observations might reveal the characteristic differences in the residence times of individual objects according to each model ([Figure 1C](#fig1){ref-type="fig"}, mid right). With random assembly and disassembly the residence times fall in a broad distribution with an average of half the total lifetime (10 s), while for directed assembly with first-in/first-out disassembly, all residence times are equal to half the lifetime (10 s, with some noise). In contrast, continuous turnover results in a distribution of short residence times (2 s) with a peak and tail shape dictated by a combination of underlying kinetic rates.

Importantly, in the discrete assembly models the peak number of molecules contains all of the molecules that participated, while the continuous turnover model consumes a total number of molecules several times greater than the peak number ([Figure 1C](#fig1){ref-type="fig"}, right). To distinguish between these possible types of behavior in CME, we sought to apply a new single-molecule imaging strategy to directly measure the distributions of residence times in CME.

Fluorescence recovery after photobleaching indicates rapid recovery of many proteins in CME {#s2-2}
-------------------------------------------------------------------------------------------

We first imaged cells expressing mEGFP-tagged heterodimeric actin capping protein subunit Acp1p in partial-TIRF and tracked endocytic patches, measuring lifetimes of 18.4 ± 3.5 s (mean ± S.D., [Figure 2A--C](#fig2){ref-type="fig"}, [Table 1](#table1){ref-type="table"}, and [Figure 2---video 1](#fig2video1){ref-type="video"}), consistent with previous reports of capping protein lifetimes ([@bib8]; [@bib54]). We also imaged with a scanning confocal microscope and performed Fluorescence Recovery after Photobleaching (FRAP) experiments on four representative endocytic proteins tagged with mEGFP: the Arp2/3 activators Myo1p and Wsp1p, and the actin binding proteins Acp1p and Fim1p (actin filament crosslinker). For all four proteins, the recovery of fluorescence after photobleaching was very fast ([Figure 2D](#fig2){ref-type="fig"} and [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}, and [Figure 2---video 2](#fig2video2){ref-type="video"}, [Figure 2---video 3](#fig2video3){ref-type="video"}, [Figure 2---video 4](#fig2video4){ref-type="video"}, [Figure 2---video 5](#fig2video5){ref-type="video"}), demonstrating that these proteins exchange rapidly during the assembly and the disassembly stages of endocytic structures. Because the total number of molecules continuously changes during the course of each CME event and we cannot synchronize the precise stage at which bleaching occurs, it is virtually impossible to accurately determine the half-time of fluorescence recovery and the mobile fraction of fluorescence recovered. However, we estimate from our data that the recovery half-times are on the order of 1 s, as the intensity typically reaches the pre-bleached value within 1 to 2 s. The fraction recovered is very large (close to 100%) for all four proteins, and the fluorescence intensity reaches a peak value similar to the peak in unbleached traces ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}).

![Endocytic protein lifetimes assessed by patch tracking, FRAP, and single-molecule tracking.\
(**A**) Sum intensity projection image of 10 frames (1 s) from a movie of cells expressing Acp1p-mEGFP (heterodimeric actin capping protein subunit) imaged in partial-TIRF ([Figure 2---video 1](#fig2video1){ref-type="video"}), inverted contrast. Scale bar is 5 µm. (**B**) Montage of GFP spot, shown at 1 s increments, with the lifetime of the spot indicated by the green bar above the image panels. Right: trajectory of a spot, color-coded with blue at the start and red at the end. Scale bars are 1 µm. (**C**) Distribution of Acp1p-mEGFP patch lifetimes, as measured by semi-automatic tracking with TrackMate. N = 51 tracks from five movies recorded in two independent samples. (**D**) Acp1p-mEGFP cells were imaged by scanning confocal microscope to record fluorescence recovery after photobleaching of localized regions ([Figure 2---video 5](#fig2video5){ref-type="video"}). Kymographs (above) and background-subtracted fluorescence intensity over time (below) for Acp1p-mEGFP patches (gap in kymograph and intensity spans three or ten frames of localized photobleaching; the unbleached patch is outside of the bleached region but no images are recorded during bleaching). Left: unbleached patch. Right: photobleached patch rapidly recovers to pre-bleached intensity (\~1 s) and continues to develop to peak intensity comparable to unbleached patch. Green bar indicates photobleaching pulse. (**E**) Sum projection image of 10 frames (1 s) from a movie of cells expressing Acp1p-SNAP and sparsely labeled with SNAP-SiR imaged in partial-TIRF, inverted contrast ([Figure 2---video 6](#fig2video6){ref-type="video"}). Scale bar is 5 µm. (**F**) Montage of SNAP+SiR spots, shown at 0.2 s increments. Trajectories shown at right (as in C), with scale bars 1 µm. (**G**) Distribution of Acp1p-SiR spot lifetimes, as measured by single-molecule localization and tracking with PYME. N = 4977 tracks from 24 movies recorded in five independent samples. Panels A-B and E-F have been prepared with different brightness settings for visual clarity. See [Figure 2---video 1](#fig2video1){ref-type="video"} and [Figure 2---video 5](#fig2video5){ref-type="video"} for example raw data.](elife-52355-fig2){#fig2}

###### Statistics for tracking of Acp1p-mEGFP endocytic patches.

  Name         Median, sec   Mean, sec   S.D., sec^\*^   95%ile, sec   N tracks   N samples
  ------------ ------------- ----------- --------------- ------------- ---------- -----------
  Acp1-mEGFP   18.6          18.4        3.5             22.7          51         2

\*Standard Deviation is calculated for the distribution of track lifetimes.

Sparse labeling enables single-molecule imaging in endocytic sites {#s2-3}
------------------------------------------------------------------

To make detailed observations of turnover and molecular residence times in the dense assemblies of CME in live fission yeast cells, we employed a strategy based on single-molecule speckle microscopy ([@bib66]; [@bib72]), an approach that we previously used to reveal dynamics of the yeast eisosome protein Pil1p ([@bib33]). We incubated cells expressing Acp1p fused with the self-labeling SNAP-tag in media with low concentrations of a silicon rhodamine-647-conjugated SNAP substrate (SNAP-SiR) and imaged the cells in partial-TIRF ([Figure 2E](#fig2){ref-type="fig"} and [Figure 2---video 6](#fig2video6){ref-type="video"}). As reported in [@bib33], incubating live fission yeast with low concentrations of SNAP-substrate dye achieves only a low labeling efficiency (see Materials and methods), enabling single-molecule tracking because typically one or zero of these sparsely labeled molecules are incorporated into diffraction-limited CME sites.

We confirmed that the spots observed after SNAP-SiR labeling colocalize specifically with endocytic sites by imaging a strain co-expressing Acp2p-mEGFP and the endocytic actin crosslinker Fim1p-SNAP labeled with SNAP-SiR, and we observed negligible non-specific binding of SNAP-SiR dye in wild-type cells expressing no SNAP-tag ([Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}, [Figure 3---video 10](#fig3video10){ref-type="video"}). Our recordings of Acp1p-mEGFP patches ([Figure 2A--C](#fig2){ref-type="fig"}) demonstrate that we are able to detect the full lifetime of both developing CCPs and vesicles diffusing after membrane scission in the partial-TIRF illumination field. In contrast to the many endocytic patches visible in Acp1p-mEGFP cells (70 to 120 endocytic events occurring per cell at any time [@bib8]), we observe only a few spots in cells expressing Acp1p-SNAP sparsely labeled with SNAP-SiR (referred to as Acp1p-SiR), typically 5 to 10 labeled molecules per cell per minute ([Figure 3---figure supplement 3E](#fig3s3){ref-type="fig"}).

Single-molecule residence times of endocytic proteins are short {#s2-4}
---------------------------------------------------------------

We applied super-resolution localization and single-particle tracking ([@bib4]) to the spots visible in SNAP-SiR labeled samples. Strikingly, Acp1p-SiR spots had short lifetimes in a peaked distribution with a long tail, with average 1.4 s and 95% of events under 3.6 s ([Figure 2F--G](#fig2){ref-type="fig"}). We imaged nine SNAP-tag strains and generated thousands of tracks for each target protein ([Figure 3](#fig3){ref-type="fig"} and [Table 2](#table2){ref-type="table"}, [Figure 2---video 6](#fig2video6){ref-type="video"} and [Figure 3---videos 1](#fig3video1){ref-type="video"}, [2](#fig3video2){ref-type="video"}, [3](#fig3video3){ref-type="video"}, [4](#fig3video4){ref-type="video"}, [5](#fig3video5){ref-type="video"}, [6](#fig3video6){ref-type="video"}, [7](#fig3video7){ref-type="video"}, [8](#fig3video8){ref-type="video"}). The eight endocytic proteins included actin (Act1p), actin capping protein subunit (Acp1p), the actin crosslinker fimbrin (Fim1p), an Arp2/3 complex component (Arc5p), myosin-I (Myo1p), the nucleation-promoting factor Wiskott-Aldrich Syndrome Protein (WASp, Wsp1p), clathrin light chain (Clc1p), and the Hip1R/Sla2 homologue and actin-membrane anchoring protein (End4p). We also imaged a non-endocytic protein, the eisosome protein Pil1p, as a control protein that is expected to be immobile ([@bib25]; [@bib64]). Although a subset of Pil1p-SiR molecules undergoes rapid binding and unbinding at the ends of the eisosome structure ([@bib33]), a much greater fraction of Pil1p-SiR spots persists longer than 5 s and the average lifetime is longer than any of the endocytic proteins ([Figure 3](#fig3){ref-type="fig"} and [Table 2](#table2){ref-type="table"}).

![Single-molecule residence times of several endocytic proteins.\
Cells expressing SNAP-tag fusion proteins were sparsely labeled with SiR-647 then imaged and tracked as described in text. (**A**) Probability distributions of track lifetimes for each target protein. Distributions are truncated at 6 s and all events longer than 6 s are shown in the final bin. The minimum allowed track length is 0.3 s. (**B**) Cumulative distributions of Act1p (blue), Wsp1p (purple) and Pil1p (gray). (**C**) Mean track lifetimes calculated for each movie and standard deviation (calculated across means of all images with more than 40 tracks), individual dataset means shown by open circles. See [Table 2](#table2){ref-type="table"} for summary statistics. Actin-associated endocytic proteins are colored in blue, nucleation-promoting factors are purple, and membrane-associated endocytic proteins are red. Pil1p is included as an 'immobile' control in gray, although the detected tracks represent a mixture of stable molecules incorporated in eisosomes and dynamic molecules at eisosome ends. [Figure 2---videos 6](#fig2video6){ref-type="video"}, [7](#fig2video7){ref-type="video"}, [Figure 3---videos 1](#fig3video1){ref-type="video"}, [2](#fig3video2){ref-type="video"}, [3](#fig3video3){ref-type="video"}, [4](#fig3video4){ref-type="video"}, [5](#fig3video5){ref-type="video"}, [6](#fig3video6){ref-type="video"}, [7](#fig3video7){ref-type="video"} are representative movies from which the data shown in this figure have been extracted.](elife-52355-fig3){#fig3}

###### Statistics for single-molecule tracks of SNAP-tag fusion proteins.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Name    Lifetime Median, sec   Lifetime Mean, sec   Lifetime S.D., sec^\*^   Lifetime 95%ile, sec   End-to-end distance\   n tracks   N movies (datasets with \> 40 tracks)   N samples   D, nm^2^/sec ^†^
                                                                                                      Median, nm                                                                            
  ------- ---------------------- -------------------- ------------------------ ---------------------- ---------------------- ---------- --------------------------------------- ----------- ------------------
  Act1p   1.1                    1.5                  0.12                     4                      159                    7660       18 (18)                                 2           2955

  Acp1p   1.1                    1.4                  0.19                     3.6                    167                    4977       24 (21)                                 5           3874

  Fim1p   1                      1.5                  0.17                     4.2                    154                    16,490     12 (12)                                 2           2855

  Arc5p   1.2                    1.6                  0.32                     4.2                    166                    4576       17 (13)                                 2           3337

  Myo1p   1.1                    1.6                  0.16                     3.9                    156                    3951       10 (10)                                 2           1678

  Wsp1p   0.9                    1.2                  0.13                     2.6                    147                    4379       41 (32)                                 5           1869

  Clc1p   1.1                    1.5                  0.16                     3.7                    168                    2718       19 (18)                                 3           2770

  End4p   1.1                    1.6                  0.24                     4.1                    148                    3983       31 (17)                                 5           1381

  Pil1p   1.2                    2.0                  0.67                     5.9                    134                    446        6 (4)                                   1           517
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

^\*^Standard Deviation is determined across means calculated from individual datasets (each movie), only counting movies with \>40 tracks.

^†^Apparent diffusion coefficient calculated from mean squared-displacement over time for time windows \< 1 s (10 points), as in [Figure 5](#fig5){ref-type="fig"}.

GFP-tagged versions of actin-associated proteins (Act1p, Acp1p, Fim1p, and Arc5p) have been previously reported to have bulk lifetimes in CME sites around 20--25 s ([@bib46]; [@bib54]). Single-molecule tracks of these proteins tagged with SNAP-SiR display short lifetimes averaging 1.4 to 1.6 s ([Figure 3](#fig3){ref-type="fig"} and [Table 2](#table2){ref-type="table"}), while Wsp1p displays even shorter lifetimes (mean = 1.15 s, 95%ile = 2.6 s). End4p and Clc1p, which have been reported to have bulk lifetimes around 40 s and 110 s ([@bib54]) also display short average single-molecule residence times of 1.6 and 1.5 s, respectively. All of the target proteins display a similar shape of residence time distribution, except for Fim1p, which contains a unique sub-population of short-lived events around 0.5 s. Small but statistically significant differences occur between the distributions of lifetimes for many samples (by Mann-Whitney test, [Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}), with Fim1p and Wsp1p significantly different from all other samples (at p\<0.0001). All samples except for Arc5p are significantly different from Pil1p (at p\<0.05). All of the endocytic proteins we measured display much shorter lifetime than would be predicted for a simple assembly/disassembly model given their bulk lifetimes that have been reported previously ([@bib8]; [@bib54]).

We attribute the disappearance of spots to dissociation of labeled proteins from endocytic sites, and not to photobleaching or other photophysical artifacts. We tested a range of tracking parameters to maximize the detected track lifetimes and minimize artifacts which might arise due to fluorophore blinking or missed detections in low signal/noise images (see Materials and methods and [Figure 3---figure supplement 3](#fig3s3){ref-type="fig"}). While increasing illumination intensity caused a corresponding increase in the global photobleaching rate as measured by the decay in the number of spots visible per frame (0.12 sec^−1^ to 0.18 sec^−1^), the distributions of track lifetimes did not change significantly ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}, [Table 3](#table3){ref-type="table"}, [Figure 3---video 9](#fig3video9){ref-type="video"}). Because a large fraction of the cell volume is illuminated, the reduced rate of appearance of new fluorescent molecules is a good approximation for the rate of photobleaching at the cell membrane. Additionally, in images of Acp1p-SiR cells fixed with paraformaldehyde, we could track many fluorescent spots over 15 s long under the same imaging conditions and recording settings ([Figure 3---figure supplement 1C](#fig3s1){ref-type="fig"}, [Table 3](#table3){ref-type="table"}, [Figure 2---video 7](#fig2video7){ref-type="video"}). Therefore, while photobleaching does occur during the imaging time, it is about ten-fold slower than the spot lifetimes we measured and is not interfering with our ability to track single fluorophores.

###### Statistics for single-molecule tracks of SNAP-tag fusion proteins imaged under alternate conditions.

  --------------------------------------------------------------------------------------------------------------------------------------------------------
  Name                   Median, sec   Mean, sec   S.D., sec ^\*^   95%ile, sec   N tracks   N movies\                      N samples   D, nm^2^/sec ^†^
                                                                                             (datasets with \> 40 tracks)               
  ---------------------- ------------- ----------- ---------------- ------------- ---------- ------------------------------ ----------- ------------------
  Acp1p\                 1.1           1.43        0.12             3.7           1968       11 (11)                        2           3367
  \[high laser power\]                                                                                                                  

  Acp1p\                 12.0          15.3        n.d.             54.1          53         6                              1           n.d.
  \[fixed\]^‡^                                                                                                                          
  --------------------------------------------------------------------------------------------------------------------------------------------------------

^\* ^Standard Deviation is determined across means calculated from individual datasets (each movie), only counting movies with \>40 tracks.

^† ^Apparent diffusion coefficient calculated from mean squared-displacement over time for time windows \< 1 s (10 points).

^‡^ Acp1p-SiR sample fixed with formaldehyde and imaged under the same illumination conditions (low power) and camera settings as live samples ([Table 2](#table2){ref-type="table"}).

Characteristic motions of endocytic proteins are heterogeneous {#s2-5}
--------------------------------------------------------------

The single-molecule tracks typically span a net distance of only 100 to 200 nm ([Figure 4A](#fig4){ref-type="fig"}), that is the distance traveled from the first appearance of a spot to its disappearance. Actin-associated proteins and clathrin contain a greater proportion of long tracks (\>250 nm, [Figure 4B](#fig4){ref-type="fig"}). By two sample Mann-Whitney test, most of the differences between different proteins' distributions of track distances are statistically significant (at p\<0.05, [Figure 3---figure supplement 2E](#fig3s2){ref-type="fig"}). Act1p is not significantly different from Myo1p, Myo1p is also not significantly different from Fim1p; Acp1p, Arc5p and Clc1p are not significantly different from each other; Wsp1p and End4p are not significantly different from each other; Pil1p is significantly different from all other samples. We also investigated the relationship between track lifetime and net distance traveled. For molecules undergoing pure diffusive motion, the net distance increases with the square root of the lifetime. However, we observed net distances depend on lifetime only for some proteins ([Figure 4C](#fig4){ref-type="fig"}). Comparing the tracks in the top and bottom 10% of lifetimes shows that long-lived tracks of actin-associated proteins (Act1p, Acp1p, Fim1p, and Arc5p) travel longer distance than short-lived tracks ([Figure 4B](#fig4){ref-type="fig"}). For membrane-bound endocytic proteins (Myo1p, Wsp1p, End4p, and to some extent, Clc1p) this dependence is lost ([Figure 4B](#fig4){ref-type="fig"}). Pil1p displays overall short displacements with a median track length of 134 nm, likely limited by the localization precision.

![Single-molecule tracks net distances.\
(**A**) Distributions of end-to-end distances for tracks of SNAP-tag fusion proteins. Actin-associated endocytic proteins are shown in blue, nucleation-promoting factors in purple, membrane-associated endocytic proteins in red, Pil1p as an 'immobile' control in gray. (**B**) Fraction of tracks with end-to-end distance longer than 250 nm for each sample. Colors as in (**A**). (**C**) Median distances of tracks in the top or bottom 10% of lifetime distributions for each sample. [Figure 2---videos 6](#fig2video6){ref-type="video"}, [7](#fig2video7){ref-type="video"}, [Figure 3---videos 1](#fig3video1){ref-type="video"}, [2](#fig3video2){ref-type="video"}, [3](#fig3video3){ref-type="video"}, [4](#fig3video4){ref-type="video"}, [5](#fig3video5){ref-type="video"}, [6](#fig3video6){ref-type="video"}, [7](#fig3video7){ref-type="video"} are representative movies from which the data shown in this figure have been extracted.](elife-52355-fig4){#fig4}

Next, we characterized each protein's average mobility by calculating the mean squared displacement (MSD) over time ([Figure 5](#fig5){ref-type="fig"}). For all the endocytic proteins the MSD is linear at short time scales, suggesting diffusive behavior, but appears sub-diffusive at longer timescales (not shown here, but see [Figure 6](#fig6){ref-type="fig"}). We used only the first 10 points (up to 1 s) for fitting, relying on the highest-confidence points and avoiding potential biases resulting from the spot localization precision and lower number of points at long time steps ([@bib43]), and avoiding the regime of sub-diffusive motion. The slopes of these curves were significantly different ([Figure 5A](#fig5){ref-type="fig"}), but the y-intercept values are related to the localization precision ([@bib43]) which was similar across all samples ([Figure 3---figure supplement 2A](#fig3s2){ref-type="fig"}). We computed the apparent diffusion coefficient D ([Figure 5B](#fig5){ref-type="fig"}), as $\left\langle {dr}^{2} \right\rangle = 4D \bullet dt + b$, assuming a two-dimensional diffusion model because our images record only a single plane near the base of the cell, not three dimensions. Tracks of actin-associated proteins and clathrin have higher apparent mobility (2,700 to 3,800 nm^2^/sec) than those of membrane-associated proteins Myo1p, Wsp1p, and End4p (1,300 to 1,800 nm^2^/sec). However, these less-mobile endocytic proteins still display higher average mobility than Pil1p (\~500 nm^2^/sec), indicative of nanoscale motions within the CME membrane patch.

![Average motions of endocytic proteins.\
(**A**) Mean squared-displacement over time, computed across all pairwise distances in all tracks (squares), with their linear fits (solid lines). (**B**) Apparent diffusion coefficients (*D*) for analyzed proteins, assuming 2-dimensional diffusion, *MSD = 4D\*dt + b*. Error bars show the 95% confidence interval associated with the fit of MSD vs. dt slope. Actin-associated endocytic proteins are shown in blue, nucleation-promoting factors in purple, membrane-associated endocytic proteins in red, Pil1p as an 'immobile' control in gray. [Figure 2---videos 6](#fig2video6){ref-type="video"}, [7](#fig2video7){ref-type="video"}, [Figure 3---videos 1](#fig3video1){ref-type="video"}, [2](#fig3video2){ref-type="video"}, [3](#fig3video3){ref-type="video"}, [4](#fig3video4){ref-type="video"}, [5](#fig3video5){ref-type="video"}, [6](#fig3video6){ref-type="video"}, [7](#fig3video7){ref-type="video"} are representative movies from which the data shown in this figure have been extracted.](elife-52355-fig5){#fig5}

![Distributions of single-molecule motions of endocytic proteins.\
(**A**) Pairwise distances over time calculated for all pairs of points in each track show a range of mobility behaviors. Contour lines represent 3D histogram bins of identical height, normalized by the total number of points in each dataset, with relative density (arbitrary scaling units as indicated in the first panel). The mean displacements over time (heavy black line) and standard deviation (thin black lines) are shown for each time step shorter than 10 s. The plots are divided into high-, mid-, and low-mobility zones as indicated by black dotted lines. (**B**) The fractions of all pairwise displacements from (**A**) that fall into high-, mid-, and low-mobility classes for each dataset. [Figure 2---videos 6](#fig2video6){ref-type="video"}, [7](#fig2video7){ref-type="video"}, [Figure 3---videos 1](#fig3video1){ref-type="video"}, [2](#fig3video2){ref-type="video"}, [3](#fig3video3){ref-type="video"}, [4](#fig3video4){ref-type="video"}, [5](#fig3video5){ref-type="video"}, [6](#fig3video6){ref-type="video"}, [7](#fig3video7){ref-type="video"} are representative movies from which the data shown in this figure have been extracted.](elife-52355-fig6){#fig6}

We observed a high degree of heterogeneity in the pairwise displacements ([Figure 6A](#fig6){ref-type="fig"}), that is all of the pairwise distances over all time points in each track. To identify classes of behaviors within these distributions, we divided each plot into areas of high, middle, and low mobility and determined the fraction of points in each category for each protein ([Figure 6B](#fig6){ref-type="fig"}). The cutoff between the high- and mid-mobility zones was set as the average behavior of actin-associated proteins, and the low-mobility cutoff of 125 nm corresponds to 2.5 times the average spot localization precision of 50 nm ([Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}). Across the full datasets grouped in this way, high-mobility events have an average apparent D of 6,050 ± 720 nm^2^/sec, mid-mobility events correspond to apparent D of 1,100 ± 14 nm^2^/sec, and low-mobility events correspond to apparent D of 67 ± 35 nm^2^/sec.

As expected, each protein sampled all three behaviors to some extent but membrane-associated proteins predominantly sample the low-mobility class. However, there are some notable exceptions and differences between proteins: Act1p contains a larger population of long-lived, low-mobility events than other actin-binding proteins; Clc1p and End4p contain a population of high-mobility displacements not observed in other membrane-bound proteins Wsp1p, Myo1p, and Pil1p. It is also important to compare the absolute displacements as well as the fractions of events in each class. For example, although Wsp1p has a similar fraction of high-mobility counts as Clc1p, Wsp1p does not contain the population of large-displacement (\>500 nm) motions seen in Clc1p and other vesicle-associated proteins and instead the high-mobility events are almost exclusively comprised of short time steps (\<300 nm and \<1 s).

Discussion {#s3}
==========

Endocytic proteins display short residence times and rapid turnover {#s3-1}
-------------------------------------------------------------------

Our single-molecule tracking results indicate that actin and other endocytic proteins turn over multiple times during a CME event. This behavior was predicted based on modeling ([@bib6]) and indirect measurements such as FRAP ([@bib26]; [@bib27]), but molecular residence times have never been directly observed in CME. We also confirmed the rapid turnover observed by our single-molecule approach with additional FRAP measurements of Wsp1p, Myo1p, Fim1p, and Acp1p ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). We report actin and associated endocytic proteins have residence times most often around 1 to 2 s, indicating the meshwork turns over up to five times during a single CME event.

Other actin structures such as lamellipodia generate sustained force by 'treadmilling', characterized by continuous assembly and disassembly and retrograde flow of monomers ([@bib48]; [@bib58]; [@bib66]). Kaksonen and colleagues have used photobleaching experiments in mutant yeast strains which generate long actin comet-tails to determine that the polymerized actin at CME sites moves away from the cell membrane at approximately 50 nm/sec ([@bib26]), and single-molecule tracking measurements of actin in lamellipodia report retrograde flow around 30 nm/sec ([@bib72]). Electron microscopy studies have shown that the size of the endocytic actin meshwork extends about 100 to 250 nm from the cell membrane ([@bib23]; [@bib32]) and mathematical modeling has shown that the endocytic actin filaments are typically 100 to 150 nm long ([@bib6]). These findings, along with the partly overlapping presence of actin assembly and disassembly factors in endocytic patches, have suggested that actin monomers could travel the distance of the meshwork and turn over as rapidly as every 3 to 5 s ([@bib20]). Consistent with those estimates and our own FRAP experiments, our single-molecule data are now the first direct observation that actin and associated proteins have typical single-molecule residence times around 1 to 2 s, and indeed rarely reside at an endocytic site longer than 3 s ([Figure 3](#fig3){ref-type="fig"}).

The characteristic shape of these residence time distributions, a peak with a skewed tail, indicates that the unbinding dynamics of these proteins do not follow a simple kinetic mechanism. Mass action kinetics predict an exponential distribution for single-step unbinding mechanism. In general, multi-step kinetic pathways result in residence times (or 'dwell times') following a gamma distribution ([@bib18]). Correspondingly, the residence times of actin monomers in a treadmilling filament have been shown to follow complex kinetics resulting in a peak shape that depends on all of the rates of polymerization, aging, cofilin binding, and severing steps ([@bib50]). Although we have not extracted specific rate constants from our data, the shapes of the residence time distributions appear similar to those models. The skewed peak shape also argues against the interpretation that these single-molecule events arise from transient associations with stable assemblies, which would instead result in exponential dwell time distributions by mass-action kinetics.

The dissociation kinetics for actin-associated proteins are likely driven by the disassembly and severing of the actin filaments to which they are bound rather than simple unbinding, because the unbinding rates measured for these proteins in vitro are typically far slower than the timescales we observed here. For example, unbinding rates from actin filaments have been reported for Acp1p in the range of 10^−4^ sec^−1^ ([@bib10]; [@bib31]) and for Fim1p in the range of 10^−2^ to 10^−3^ sec^−1^ ([@bib55]). The slight differences between residence times of actin-associated proteins may reflect the delay of binding a filament only after its nucleation (as Fim1p and Acp1p residence times are slightly shorter than Act1p), or the additional time for pre-recruitment before nucleation of the actin branch (as Arc5p residence times are slightly longer than Act1p). The fast sub-population of Fim1p tracks around 0.5 s may correspond to transient binding events that engage one but not both actin-binding domains before unbinding; such a prominent population of transient events is absent in other proteins.

The similar shape and timescale for residence times of membrane-associated proteins might be explained by other unique combinations of rates governing those proteins' interactions with the membrane and many binding partners, especially in oligomeric lattice assemblies such as the clathrin coat. The short lifetimes we measured for clathrin (Clc1p) agree with previous reports that individual clathrin triskelia unbind during CCP development in order to achieve the necessary change in curvature ([@bib3]). Previous studies also reported that WASp rapidly exchanges at sites of actin nucleation ([@bib67]), although these dynamics have not been measured directly in CME. While both End4p and Clc1p are known to reside at endocytic sites long before CCP invagination and scission (bulk lifetimes around 40 s and 110 s, respectively [@bib54]), we observe considerably fewer long-lived immobile events for Clc1p than for End4p ([Figure 6](#fig6){ref-type="fig"}), suggesting that clathrin turns over throughout the CCP lifetime and not exclusively during late stages of membrane invagination. Consistent with its proposed role in anchoring the actin meshwork with the CCP membrane, End4p (Sla2 in budding yeast) displays the highest fraction of long-lived events compared with other endocytic proteins.

Motions of endocytic proteins are heterogeneous {#s3-2}
-----------------------------------------------

The high-, mid-, and low-mobility behaviors shown in [Figure 6](#fig6){ref-type="fig"} (average apparent D for each class \~6,000 nm^2^/sec, \~1,100 nm^2^/sec, \~65 nm^2^/sec) are consistent with vesicle diffusion, motions within the CCP-associated meshwork, and membrane-bound states, respectively. We attribute the longer distances traveled by some tracks of actin-associated proteins ([Figure 4C](#fig4){ref-type="fig"}, [Figure 6](#fig6){ref-type="fig"}) to be molecules that remain associated with the endocytic vesicle after scission. However, the large majority of events have very short end-to-end distance ([Figure 4A--B](#fig4){ref-type="fig"}). This apparent over-representation of events with restricted motions is consistent with a switch in behavior of the CME assembly from rapid turnover with small motions in the developing CCP to reduced recruitment and sustained disassembly around the vesicle after scission. Unique sub-populations are apparent in several proteins' behaviors ([Figure 6](#fig6){ref-type="fig"}), suggesting various motions for long- or short-lived components of the CME meshwork. For all proteins, very long-timescale events (\>10 s) generally exhibit only short displacements, indicating that these molecules are restricted to small motions on the CCP membrane and are disassembled from the diffusing CCV relatively quickly.

Limitations to current method and data {#s3-3}
--------------------------------------

Single-molecule tracking is a powerful technique to uncover molecular mechanisms in complex systems. We acknowledge that the results of single-molecule tracking are sensitive to the chosen tracking parameters ([@bib24]; [@bib57]), especially because the images' low signal-to-background ratio results in some missed detections of spots. However, even across a broad range of parameters up to unrealistic values that introduce verifiable artifacts, the average single-molecule residence times remain below 3 to 4 s ([Figure 3---figure supplement 3](#fig3s3){ref-type="fig"}), still much faster than the \~10 s prediction for single-turnover mechanisms ([Figure 1](#fig1){ref-type="fig"}).

Most of the proteins we tracked have already been reported to specifically localize to CME patches ([@bib20]) and therefore we did not apply any filtering to remove non-endocytic fluorescent tracks. We considered the possibility that some long-lived, low mobility actin tracks might correspond to structures such as actin cables, cytokinetic rings, or unproductive clathrin patches, but the absence of such events in Acp1p and Fim1p argue against that interpretation. Additionally, fluorescent events which persisted longer than 40 s were excluded from analysis as potential artifacts from tracking these or other non-endocytic structures. Due to the various orientations of CCP motions at the cell tips, sides and base, and our localization precision of \~50 nm we did not attempt to align trajectories or perform more detailed analyses of motions within the endocytic structures, but such heterogeneities may be addressable with future imaging studies.

Implications of actin turnover for force production models {#s3-4}
----------------------------------------------------------

Our results have important qualitative and quantitative implications for models of the endocytic machinery. They support the idea that the actin network can remodel during CME and generate greater total force than has been previously estimated. Previous discussions of CME often assumed that the entire actin meshwork and membrane coat assembles and disassembles once during the total lifetime of the patch, with 'turnover' referring to the release of proteins to be re-used in a later CME event. Discrete phases of assembly and disassembly of actin monomers (and associated proteins) would result in an average residence time of \~10 s ([Figure 1](#fig1){ref-type="fig"}), inconsistent with our results. Although some earlier reports have suggested the existence of turnover within the CME machinery, current literature still generally assumes the endocytic meshwork assembles and disassembles in discrete phases ([@bib12]; [@bib21]; [@bib44]; [@bib47]; [@bib65]).

An actin and membrane-protein assembly undergoing rapid and continuous turnover will behave differently from a sequentially assembled and disassembled structure in several ways. If more total molecules of actin are consumed by the endocytic meshwork, the total chemical energy of polymerization released through ATP hydrolysis must be several times higher than has been previously estimated. To accumulate the known peak number of actin molecules while sustaining such a high rate of turnover (consuming up to five times more actin), the rates of polymerization and disassembly must both be higher than previously estimated, and turnover of the actin-nucleation promoting factors Wsp1p and Myo1p would generate a higher number of polymerizing ends over the lifetime of the CME event. The endocytic patch contains approximately 6,500 actin monomers at its peak ([@bib54]) MBoC, Berro 2010 MBoC), but based on the residence times we report here, a single patch might consume more than 30,000 actin subunits over time. A recent report proposed that myosin-Is (Myo3 and Myo5 in budding yeast) enable higher rates of actin polymerization by pushing the filament ends away from the membrane ([@bib41]). Another recent report demonstrated that mechanical stress in highly-crosslinked actin networks can greatly enhance the rate of ADF/cofilin severing of actin filaments ([@bib68]), which could also contribute to the high turnover rates we observe in CME patches. Fast turnover of the actin meshwork components could affect other higher-order mechanisms of force generation. For example, continuous unbinding of fimbrin crosslinkers would allow remodeling of the meshwork and spatiotemporal redistribution of elastic energy stored in crosslinkers ([@bib37]; [@bib39]; [@bib47]). Such remodeling of the actin meshwork could also enable important changes in the orientation of filaments and their forces over time. While our paper was in preparation, [@bib45] reported simulations based on the dendritic nucleation model, which requires actin disassembly and turnover, indicating that the endocytic actin meshwork can sustain forces sufficient to achieve the membrane invagination. Our results are a key experimental validation of this predicted turnover behavior, which was not directly accessible in previous experimental and theoretical studies.

Future studies of CME should consider the endocytic actin meshwork and membrane coat as highly dynamic, turning over multiple times to generate, distribute, and transmit the forces that deform the plasma membrane into a vesicle. Novel experimental methods will be needed to measure rates and identify specific molecular complexes at the endocytic site. We expect that the increasing accessibility of super-resolution microscopy and single-molecule techniques as well as added levels of detail in computational models will enable further exploration of the molecular mechanisms of CME and other complex molecular assemblies in live cells.

Materials and methods {#s4}
=====================

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reagent type\                                             Designation                            Source or reference                                                        Identifiers     Additional\
  (species) or resource                                                                                                                                                                       information
  --------------------------------------------------------- -------------------------------------- -------------------------------------------------------------------------- --------------- -------------------------------------------------------------------------------
  Strain, strain background (*Schizosaccharomyces pombe*)   Wild-type                              S Forsburg                                                                 FY527           *ade6-M216 his3-D1 leu1-32 ura4-D18 h-*

  Strain, strain background (*S. pombe*)                    Fim1p-SNAP                             This study                                                                 JB135           *fim1-SNAP-kanMX6 ade6-M216 his3-D1 leu1-32 ura4-D18 h-*

  Strain, strain background (*S. pombe*)                    Acp2p-mEGFP/Fim1p-SNAP                 This study                                                                 JB150           *acp2-mEGFP-kanMX6 fim1-SNAP-kanMX6 ade6-M216 his3-D1 leu1-32 ura4-D18 h-*

  Strain, strain background (*S. pombe*)                    Pil1p-SNAP                             ([@bib33])                                                                 JB198           *pil1-SNAP-kanMX6 ade6-M216 his3-D1 leu1-32 ura4-D18 h-*

  Strain, strain background (*S. pombe*)                    Clc1p-SNAP                             This study                                                                 JB202           *clc1-SNAP-kanMX6 ade6-M216 his3-D1 leu1-32 ura4-D18 h-*

  Strain, strain background (*S. pombe*)                    SNAP-Act1p                             This study                                                                 JB216           *41nmt1-SNAP-actin-leu+ ade6-M216 his3-D1 ura4-D19 h-*

  Strain, strain background (*S. pombe*)                    SNAP-Myo1p                             This study                                                                 JB304           *SNAP-myo1 fex1Δ fex2Δ ade6-M216 his3-D1 leu1-32 ura4-D18 h-*

  Strain, strain background (*S. pombe*)                    Acp1p-SNAP                             This study                                                                 JB305           *acp1-SNAP fex1Δ fex2Δ ade6-M216 his3-D1 leu1-32 ura4-D18 h-*

  Strain, strain background (*S. pombe*)                    End4p-SNAP                             This study                                                                 JB307           *end4-SNAP fex1Δ fex2Δ ade6-M216 his3-D1 leu1-32 ura4-D18 h-*

  Strain, strain background (*S. pombe*)                    Arc5p-SNAP                             This study                                                                 JB346           *arc5-SNAP fex1Δ fex2Δ ade6-M216 his3-D1 leu1-32 ura4-D18 h-*

  Strain, strain background (*S. pombe*)                    Acp1p-mEGFP                            This study                                                                 JB366           *acp1-mEGFP fex1Δ fex2Δ ade6-M216 his3-D1 leu1-32 ura4-D18 h-*

  Strain, strain background (*S. pombe*)                    SNAP-Wsp1p                             This study                                                                 JB393           *SNAP-wsp1 fex1Δ fex2Δ ade6-M216 his3-D1 leu1-32 ura4-D18 h-*

  Strain, strain background (*S. pombe*)                    mEGFP-Wsp1p                            This study                                                                 JB385           *mEGFP-wsp1 fex1Δ fex2Δ ade6-M216 his3-D1 leu1-32 ura4-D18 h-*

  Strain, strain background (*S. pombe*)                    Acp1p-mEGFP/Fim1p-mCherry              ([@bib9])                                                                  JB54            *acp1-mEGFP-kanMX6 fim1-mCherry-NatMX6 ade6-M216 his3-D1 leu1-32 ura4-D18 h+*

  Strain, strain background (*S. pombe*)                    Fim1p-mEGFP                            ([@bib9])                                                                  JB57            *fim1-mEGFP-NatMX6 his3-D1 leu1-32 ura4-D18 leu1-32 h+*

  Strain, strain background (*S. pombe*)                    mEGFP-Myo1p                            ([@bib53])                                                                 TP195 (JB205)   *kanMX6-Pmyo1-mGFP-myo1 leu1-32 ura4-D18 his3-D1 ade6 h-*

  Other                                                     SNAP-Cell 647-SiR                      New England Biolabs                                                        S9102S          Dissolved to 100 µM in DMSO and aliquoted, stored −80°C

  Software, algorithm                                       Matlab                                 Mathworks                                                                                  Scripts are included as Source code

  Software, algorithm                                       FIJI ImageJ                            ([@bib51]; [@bib52])                                                                       

  Software, algorithm                                       Python Microscopy Environment (PYME)   [www.python-microscopy.org](http://www.python-microscopy.org); ([@bib4])                   
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Model simulations {#s4-1}
-----------------

Simulated profiles of numbers of molecules over time were calculated with Matlab (Mathworks), as lists of arrival and departure timestamps generated according to each type of logical model. The simulation script is given as [Source code 1](#scode1){ref-type="supplementary-material"}.

For 'Random assembly' models, arrival times were randomly chosen according to a normal distribution centered at one quarter of the total patch lifetime and standard deviation of one tenth of the total lifetime. For 'Random assembly/Random disassembly', the departure times were randomly chosen according to a normal distribution centered at three quarters of the total lifetime and standard deviation of one tenth of the total lifetime. For 'Random assembly with First-in/First-out disassembly', arrival and departure times were chosen on the same distributions as above, but were sorted so that the corresponding values of binding times and unbinding times were matched in order from lowest-to-highest. Residence times were then calculated by subtracting each unbinding time from its corresponding binding time.

For 'Continuous turnover' model, arrival times were randomly chosen according to a broader normal distribution, taking the absolute value of a distribution centered at one third of the total lifetime and standard deviation of one fifth of the total lifetime. Residence times were chosen according to a gamma distribution with shape parameter equal to 2 and scale parameter equal to 1, to resemble a multi-step dwell time kinetic giving a shape and mean similar to our observed lifetime distributions. Departure times were calculated by taking the sum of the binding time and a residence time selected at random from this distribution.

The profile of number of molecules present in the patch at each 1 s time bin was calculated as the number of molecules with arrival time smaller than or equal to the current time bin and departure time larger than the current time bin. Simulations were performed with 900 total molecules in a lifetime of 20 s, repeated 50 times for each model.

Yeast strains {#s4-2}
-------------

We generated *Schizosaccharomyces pombe* strains with SNAP-tag (Addgene plasmid 87024) or mEGFP (Addgene plasmid 87023) inserted at the genomic loci of various proteins, using either homologous recombination with kanamycin selection ([@bib5]) or CRISPR-Cas9 gene editing with fluoride selection ([@bib17]). Because *S. pombe* is inviable when its sole source of actin is fused with a fluorescent protein ([@bib70]; [@bib71]), we integrated SNAP-act1 into the *leu1*+ locus under control of the *41nmt* promoter, as previous studies have done for mEGFP-act1. We did not measure the expression level of SNAP-Act1p or its effect on actin functionality, but we expect it to behave similarly to mEGFP-Act1p used previously. Previous studies using this strategy report the actin fusion protein represents around 5% of the total actin in the cell ([@bib8]; [@bib54]; [@bib70]; [@bib71]). The strains used in this study are listed in the Key Resources Table.

Growth and SNAP-tag labeling {#s4-3}
----------------------------

Cells were grown in liquid YE5S medium at 32°C to exponential phase (OD~595~ between 0.4 and 0.6) then diluted into liquid EMM5S medium and grown for 12 to 24 hr at 25°C before labeling with SNAP fluorophore ([@bib29]; [@bib36]; [@bib60]). As discussed previously ([@bib33]), the SNAP-substrate fluorophore does not accumulate in high amounts in yeast cells containing multidrug exporter genes and intact cell walls. Cells were diluted to 0.1 OD~595~ in 1 mL of EMM5S containing 1 µM of silicon-rhodamine benzylguanine derivative SNAP-SiR647 (SNAP-Cell 647-SiR, New England Biolabs). Culture tubes were wrapped in aluminum foil to protect them from light and incubated on a rotator overnight (about 15 hr) at 25°C. Cells were washed five times by centrifuging at 1500xg for 3 min and resuspending in 1 mL of EMM5S, then incubated at 25°C for an additional hour, then washed five times again by centrifuging at 1500xg for 3 min and resuspending in 1 mL of EMM5S. Cells were finally resuspended in 20 to 100 µL of 0.22 µm filtered EMM5S to achieve suitable density for imaging. SNAP-tag labeling efficiency was not determined before tracking analysis, but is estimated to be around 0.1% to 1% of the SNAP-tag fusion protein's expression level.

Cells expressing mEGFP fusion were grown in YE5S and EMM5S liquid media as above, then washed once by centrifuging at 1500xg for 3 min and resuspending in 20 to 100 µL of 0.22 µm filtered EMM5S to achieve suitable density for imaging.

Paraformaldehyde fixation {#s4-4}
-------------------------

For imaging fixed cells, SNAP-tag expressing cells were grown and labeled and washed as above. Cells were incubated in 3.6% paraformaldehyde solution for 15 min on a rotator at room temperature. Cells were then pelleted by centrifugation at 10,000xg for 1 min and washed three times by resuspending in filtered EMM5S and centrifuging at 1500xg for 3 min. Cells were finally resuspended in 20 to 100 µL of 0.22 µm filtered EMM5S to achieve suitable density for imaging.

Imaging {#s4-5}
-------

Cells were pipetted on to pads of 25% gelatin prepared with 0.22 µm filtered EMM5S, covered with a \#1.5 coverslip, which had been washed in ethanol for 30 min and plasma cleaned for 3 min to avoid nonspecific dye or other autofluorescent particles on the surface, and sealed around the edges with Valap. Samples were imaged on an Eclipse Ti inverted microscope (Nikon) equipped for through-objective TIRF, with a 642 nm excitation laser for SiR imaging (Spectral Applied Research) and a 488 nm laser for mEGFP imaging (Spectra-Physics). Images were recorded through a 60x/1.49 NA Apo TIRF objective (Nikon) and further magnified with the microscope's 1.5x lens, and detected using an iXon DU897 EMCCD camera (Andor); image pixels correspond to 178 nm. The microscope, camera, and illumination were controlled through Nikon Elements software.

For single-molecule tracking in SNAP-SiR labeled samples of live or fixed cells, the imaging focal plane is set about 1 to 1.5 μm below the cell midplane, just above the base of the cells adjacent to the coverslip, and the laser is angled for near-TIRF illumination, so that spots at the membrane are in focus and cytoplasmic fluorescence is reduced. The 642 nm laser illumination intensity was 0.5 or 0.8 W/cm^2^ (measured exiting the objective). The camera was set to 100 msec exposure, with EM gain set to 300 at 5 MHz readout with 14-bit digitization depth. We recorded 60 s movies, starting recording with the laser off and turning it on after a few frames so that the initial fluorescence signal is not lost due to hardware delay times.

For endocytic patch tracking in samples expressing mEGFP, the 488 nm laser illumination intensity exiting the objective was 0.2 W/cm^2^, with camera exposure 100 msec and EM gain 300. We recorded 120 s movies, starting with the laser off and turning it on after a few frames.

For two color imaging, we collected alternating red-channel and green-channel images, switching between 642 nm laser (0.8 W/cm^2^) and 488 nm laser (0.2 W/cm^2^) with 200 msec exposure time and EM gain set to 300, with about 1 s delay between acquisition frames to switch filter sets. A sample of Tetraspeck beads (0.2 μm) was prepared and imaged using the same protocol to ensure alignment between channels.

Fluorescence Recovery after Photobleaching experiments {#s4-6}
------------------------------------------------------

Cells were grown in filtered EMM5S for at least 24 hr before imaging. We used an SP8 laser scanning confocal microscope (Leica) with a 100x/1.44 NA HC PL APO objective (Leica). We used a 488 nm Argon laser (LASOS) to image (illumination intensity exiting the objective for Fim1p-mEGFP: 0.29 mW/cm^2^, 563.7 V PMT gain, other samples: 0.56 mW/cm^2^, 725.5 V PMT gain) and to bleach regions of interest (illumination intensity 2.62 mW/cm^2^ using FRAP Booster and Zoomer functions). We imaged a single focal plane (pinhole of 1 Airy unit, i.e. 147.4 μm) at the surface of yeast cells closest to the coverslip (dimensions 512 × 64 pixels) zoomed 2.26x at 700 Hz using an average of two line scans in bidirectional mode at 10 frames per second; pixel size corresponds to 100.7 nm. Imaging and bleaching were controlled using the Leica Application Suite X (v 3.5.2.18963) software.

For each field of view, we bleached a region of interest for three to ten 100 ms frames (depending on strain and experiment) with 10 s imaging before and after the bleaching pulse. The bleaching region covered several cells and was perpendicular to their long axis (surface area around 1.5 μm x 3.5 μm) in order to limit bleaching of the rest of the cell.

Movie analysis and spot tracking were performed using the Fiji distribution of ImageJ (v 1.52 p) ([@bib51]; [@bib52]) and the PatchTrackingTools plug-in ([@bib8]; [@bib35]). In brief, each spot was circled with a 7-px circular region of interest and followed over time. We estimated background fluorescence around each spot using a 9-px median filter, which we subtracted from the spot integrated intensity. We corrected intensities for photobleaching by estimating the photobleaching rate from areas of cytoplasm void of endocytic patches outside the bleached regions.

Image analysis -- single molecule localization and tracking {#s4-7}
-----------------------------------------------------------

Super-resolution spot localization and track generation were performed in the Python Microscopy Environment (PYME) (<http://www.python-microscopy.org>; [@bib4]). Metadata for the images were determined as follows: camera read noise (88.8), from manufacturer's specifications; camera noise factor (1.41), standard correction for EMCCD cameras; electrons per count (49) and true EM gain (167), by calibration of blank movies recorded at varying intensity and gain settings, following [@bib22]; camera AD Offset (105), by measuring the average pixel intensity of dark frames before activating the laser. Each movie was processed for spot detection using a 2D Gaussian model with local intensity scaling threshold factor of 0.8; 'debounce rad', or the distance (in pixels) within which two fluorophores cannot be distinguished as 3; and the temporal background subtraction feature turned off. The local background and total spot intensity are both fitted with 2D Gaussians and subtracted to determine the spot intensity.

Candidate spots were filtered based on spot intensity (20 to 200 AU), spot size sigma (100 to 300 nm), and localization precision in x and y (0 to 150 nm). Single-molecule trajectories were generated by linking spots in successive frames within a limit of 100 nm, and allowing a maximum gap of 6 frames (spanning missed localizations in up to four frames), as discussed in the Materials and methods. Any spots which are not incorporated into a track of at least three spots, and any tracks which appear outside the cells, are discarded. Localization and tracking results were exported as text files to be further analyzed in Matlab.

Spots in the fixed sample of Acp1p-SiR were analyzed using the TrackMate plugin ([@bib62]) for FIJI ([@bib51]; [@bib52]), using spot detection with the Difference of Gaussians detector, threshold 2.5, maximum diameter 1 µm, and median filtering, and tracked using semi-automated manual tracking. We did not apply strict limits to spot quality and signal thresholds but rather relied on visual inspection and automated detection of spots' signal in successive frames, allowing gaps of missed localizations up to four frames.

Image analysis -- GFP patch tracking {#s4-8}
------------------------------------

We tracked GFP spots with the TrackMate plugin ([@bib62]) for FIJI ([@bib51]; [@bib52]), using spot detection with the Difference of Gaussians detector, threshold 2.0, maximum diameter 1 µm, and median filtering, and tracked using semi-automated manual tracking. We visually confirmed that tracks did not overlap with neighboring spots and spanned the full lifetime of intensity increase and decay, rather than a sharp disappearance due to diffusing out of the focal plane. Only these manually-curated tracks were exported for further analysis in Matlab.

Spots in the two-color images were identified and scored manually. Spot detection and colocalization algorithms would have difficulty because the GFP patches vary widely in intensity.

Data analysis {#s4-9}
-------------

Tracking data from PYME were read, curated, and analyzed with custom-written code in Matlab (Mathworks, [Source code 2](#scode2){ref-type="supplementary-material"} and [3](#scode3){ref-type="supplementary-material"}). We excluded tracks with lifetime shorter than 0.3 s or longer than 40 s and tracks which began before the start-time cutoff determined for each protein (see [Figure 3---figure supplement 4](#fig3s4){ref-type="fig"}). Because the first few frames of the movies are more crowded (potentially introducing errors in track linking) and may contain molecules already present in CME structures (yielding only partial information on the molecule's true trajectory) or other artifacts (e.g. high background or molecular aggregates that have not been photobleached), tracks which started within the cutoff time after the laser was turned on were discarded. Tracks longer than 40 s were attributed to artifacts or non-endocytic structures and also discarded. We chose the appropriate start-time cutoffs for each protein dataset as the first time point where the difference between the current lifetimes distribution and the distribution using the next cutoff (1 s later) was not significant by KS test.

A variety of features are calculated from the timestamp and position data such as the lifetime, stepwise displacements, velocity, and other derivative characteristics at the level of single spots or tracks ([Source data 1](#sdata1){ref-type="supplementary-material"}). Statistics for numbers of tracks, movies analyzed, and independent samples prepared are given in [Table 2](#table2){ref-type="table"}. Single-molecule tracking datasets for endocytic proteins typically represent 10 to 30 movies analyzed from between two to five independent samples. Standard deviation of single-molecule residence time data was determined by calculating the mean track lifetimes from each movie individually, and computing the standard deviation of these separate results. Where indicated, we used a two-sample Mann-Whitney test for statistical significance of differences between distributions.

Characterization of tracking parameters and data quality {#s4-10}
--------------------------------------------------------

Features of the spot localizations and tracking statistics are given in [Figure 3---figure supplements 2](#fig3s2){ref-type="fig"} and [3](#fig3s3){ref-type="fig"}. The low signal-to-noise ratio in single molecule images causes some spots to fall below quality thresholds for the detection algorithm, introducing the possibility of errors in tracking ([@bib24]; [@bib57]). To determine an optimal set of analysis parameters that would both maximize successful detections and minimize false spots and incorrect track links, we generated tracks using a broad range of tracking parameters (gap-closing limit) for three representative proteins, Acp1p, Wsp1p, and Pil1p ([Figure 3---figure supplement 3](#fig3s3){ref-type="fig"}). Across this range of parameters, we observe small changes to the absolute values of the track lifetimes and a conservation of the trends between different proteins ([Figure 3---figure supplement 3A](#fig3s3){ref-type="fig"}). With very short linking limit, we observe many cases where a single spot is represented by multiple successive short tracks at the same position, but also an overall reduction in the number of tracks generated ([Figure 3---figure supplement 3B](#fig3s3){ref-type="fig"}). With very long linking limits, the gap-time distribution deviates from its exponential shape ([Figure 3---figure supplement 3D](#fig3s3){ref-type="fig"}), and the apparent residence time increases with labeling density ([Figure 3---figure supplement 3E](#fig3s3){ref-type="fig"}), suggesting that these excessively long gaps are linking false spots arising from cytoplasmic background or linking new labeled molecules that arrive at the site instead of simply accounting for missed detections of the same molecule. For Pil1p, where new labeled molecules specifically bind to the same sites over time ([@bib33]), the number of detected tracks plateaus and decreases with over-linking ([Figure 3---figure supplement 3B](#fig3s3){ref-type="fig"}). Even when setting an extremely long gap-closing limit (20 frames, or 2 s), which clearly introduces incorrect links between isolated events, the average residence times of endocytic proteins follow broadened distributions with averages below 4 s. Based on these observations, we chose the linking limit of 6 frames (including the frame before and after the gap), which allows a maximum of 4 consecutive missed detections (0.4 s, occurring for about 5% of all gaps, [Figure 3---figure supplement 2B](#fig3s2){ref-type="fig"}).

To avoid the possibility of multiple labeled proteins in the same endocytic patch or multiple spots overlapping in crowded regions of the cell, we chose cutoff times for each target protein to allow for an initial 'dilution' of the effective label density by photobleaching. Indeed, we observed in some samples that spots present at the start of recording are longer-lived than spots that appear later ([Figure 3---figure supplement 4](#fig3s4){ref-type="fig"}), presumably because the relatively higher label density causes neighboring spots to merge or an endocytic site to contain more than one fluorophore, or because of non-endocytic aggregates of molecules. Therefore, tracks that started in the initial frames were excluded from analysis (typically 1 s, or longer for high copy number target proteins such as Fim1p or Pil1p), so that typically 2 to 3 molecules or fewer are visible per cell at any single time. We note that our current tracking methods are improved over those used in [@bib33], enabling us to include short-lived events (minimum lifetime of 0.3 s) and observe the non-exponential shape of Pil1p-SiR residence times.

Because the samples were imaged in a single focal plane near the base of the cells using partial-TIRF, we do not have direct access to the 3D motion behavior of molecules along the axis of CCP internalization. In the current dataset, we primarily aimed to investigate track lifetimes and so we imaged under very low illumination power and did not apply stringent filters on spot localization precision. Future studies, perhaps imaging under different illumination conditions, could aim to collect higher-resolution data to investigate spatiotemporal dynamics in greater detail.

Software and reagents availability {#s4-11}
----------------------------------

The Python microscopy environment (PYME) software is available at [www.python-microscopy.org](http://www.python-microscopy.org), and our Matlab analysis script and tracking analysis data files are available as Source Code Files of this paper. We will happily share any *S. pombe* strains upon request and plasmids are available through Addgene.
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Additional files {#s6}
================

###### Matlab simulation script for modeling assembly and disassembly profiles to illustrate the logic of 'turnover'.

###### Matlab analysis scripts for reading track files and processing data for analysis of lifetimes, motions, and other features.

This script requires raw tracking data (from PYME or similar format) as input files.

###### Matlab analysis scripts for compiling and plotting lifetimes data from track analysis results.

This script requires the output of process_tracks.m as an input (i.e. SuppFile4sets.mat).

###### Matlab data structure containing the analyzed tracking data (lifetimes, positions, etc.) for tracks, the output of [Source code 2](#scode2){ref-type="supplementary-material"} (SuppFile2rocess_tracks.m) after filtering for start time cutoffs.

The data from this file can be extracted using [Source code 3](#scode3){ref-type="supplementary-material"} (SuppFile3multiplot_dwelltimes.m) and further processed to generate all the figures and calculations presented in the manuscript.

Data availability {#s7}
=================

All data generated or analysed during this study are included in the manuscript and Source data 1 (Matlab data file).

10.7554/eLife.52355.sa1

Decision letter

Lappalainen

Pekka

Reviewing Editor

University of Helsinki

Finland

In the interests of transparency, eLife publishes the most substantive revision requests and the accompanying author responses.

**Acceptance summary:**

Coordinated polymerization of actin filaments provides forces for plasma membrane deformation during endocytosis. However, the dynamics of individual actin molecules and actin-associated proteins within endocytic sites have not been reported, and thus the precise mechanism by which actin dynamics produces force for membrane deformation in endocytosis is incompletely understood. Here, Lacy et al. applied single-molecule speckle tracking to analyze the turnover of actin and actin-associated proteins in endocytic patches of fission yeast. They revealed very rapid turnover of molecules within the endocytic actin network, and heterogeneous behaviors of these proteins at the molecular level. Together, these results provide important new insights into the mechanism by which actin dynamics contributes to clathrin-mediated endocytosis.

**Decision letter after peer review:**

Thank you for submitting your work entitled \"Single-molecule turnover dynamics of actin and membrane coat proteins in clathrin-mediated endocytosis\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, one of whom is a member of our Board of Reviewing Editors, and the evaluation has been overseen by a Senior Editor. The reviewers have opted to remain anonymous.

Actin dynamics provides forces for plasma membrane deformation during endocytosis. Here, Lacy et al. applied single-molecule speckle tracking to analyze the turnover of actin and actin-associated proteins in endocytic patches of fission yeast. The revealed very rapid turnover of molecules within the endocytic actin network, and heterogeneous behaviors of these proteins at the molecular level. Thus, the authors suggest that the forces produced through actin polymerization in endocytic patches may be higher than previously estimated.

All reviewers concurred that the findings presented are potentially important. However, they stated that certain experiments lacked necessary controls, and the modelling part was inadequately described in the manuscript. Moreover, the experimental part of the manuscript is entirely based on single-molecule speckle tracking and some key results require confirmation by another experimental approach. Overall, an extensive amount of additional work would be required to address these points. Because of the policy of *eLife* to invite revisions only if they can be completed within 2-3 months, we cannot offer to consider this paper for further consideration.

Reviewers, however, provide several suggestions for how to improve the manuscript. Thus, if you can address these issues by performing additional experiments and by providing much better description of the models, we would be glad to consider a new submission on this topic for publication in *eLife*. In this case, the new submission would be evaluated by the three original reviewers.

Reviewer \#1:

This manuscript reports a single-molecule speckle analysis of actin and selected other proteins in clathrin-mediated endocytosis in fission yeast. The authors provide evidence that these proteins display short residence times and rapid dynamics in endocytic patches. Analysis of single-molecule trajectories reveals that the motions of these proteins display differences that correlate with their functions in endocytosis.

The data presented in the manuscript appear of very good technical quality, and the study provides interesting insights into the molecular mechanisms of clathrin-mediated endocytosis. My main concern is that the data are somewhat redundant with the earlier FRAP analysis of endocytic components. For example, the studies by Kaksonen et al., (2003 and 2005) demonstrated (by using a Sla2del strain) that continuous actin polymerization occurs at the membrane of endocytosis structures in budding yeast with a comparable rate to the one determined in the present manuscript. This was also confirmed with another approach by Michelot et al., 2013. Thus, it is unclear for this reviewer, why the authors state several times in the manuscript that the \'common interpretation of the previous data is that the entire actin meshwork assembles and disassembles once during the total lifetime of the endocytic patch\'. Moreover, the rapid turnover of clathrin was earlier demonstrated by FRAP analysis (Avionam et al., 2015). To merit publication in *eLife*, the authors should much better describe what it really novel in this study compared to earlier FRAP etc. experiments, and explain what fundamentally new information this work provides about the mechanisms of endocytosis. Otherwise, the manuscript is better suited for publication in a more specialized journal.

Moreover, the conclusions of the present study are entirely based on one method. Thus, the authors should use an alternative approach to confirm the main findings. They could e.g. carry out FRAP experiments on mEGFP-fusions of at least one actin filament binding protein and one nucleation promoting factor. If these proteins indeed display very short residence times in endocytic patches, this should be evident also form photobleaching experiments.

Reviewer \#2:

In this manuscript, Lacy et al. aim to distinguish different mechanisms of molecule residence lifetimes using a combination of modeling and experiments. From the experimental standpoint, the authors provide quantitative measurements using a method they developed previously (Lacy et al., 2017) and I have no complaints with that. However, they use the model to identify possible mechanisms and here is where things get difficult.

1\) What are they modeling? I read their Materials and methods, downloaded their MATLAB files, and tried to make sense of Figure 1. Given the sparse details in the Model simulations sections, I cannot make any sense of the model, the justification for the many assumptions and choice of parameters.

2\) Then I downloaded the MATLAB file and tried to read it. At first glance, there is no documentation in the file, so I can\'t understand what\'s going on. After an inordinate amount of time spent on this. m file, I found the function simulator. It is a series of random and sorting functions! How do these functions represent the schematics in Figure 1A and B? Because the MATLAB file does not contain any representation of binding and unbinding events as mentioned in the Introduction, based on the information provided to me, the modeling component is not rigorous nor representative of the process they study.

3\) The final issue is that the authors propose to distinguish different mechanisms from their data on the basis of this model. But since I don\'t understand the model, I cannot comment on the accuracy of the remainder of the work and therefore the scientific conclusions.

Reviewer \#3:

Using single molecule labeling and imaging methods, Lacy et al. report that the lifetime of actin molecules and many of their regulators in actin patches is very short, on the order of seconds. This is much shorter than anticipated time based on the \~ 20 sec lifetime of actin patches. It is consistent with other studies in animal cells using similar methods that supported local turnover of dendritic actin structures. As yeast is a model organism for the study of actin cytoskeleton, this results will be noticed and important to the broad cytoskeleton field. I have however a few questions that I feel need to be addressed, mostly regarding the controls for accurate detection of such short-lived events.

1\) Effect of photobleaching. In subsection "Single-molecule residence times of endocytic proteins are short" it is stated that photobleaching occurs over \~ 1 min so photobleaching is not important on the fast times scales of order 1 sec where actin turnover occurs. However this statement is not so obvious to me. In panel A of Figure 3---figure supplement 1 as well as Video 2 it\'s clear that photobleaching is significant over 5-10 sec, a time that could severely influence the calculated fraction of longer-lived spots (that would stay in the patch for a longer time and thus represent a bigger fraction of actin the patch). Further, given that in panel A the spots renew themselves by new monomers coming into the plane of focus, the photobleaching in the plane of focus could be even higher.

A control experiment on fixed cells is presented in panel C of Figure 3---figure supplement 1 where the spot lifetime is 15 sec on average (which is less than a min but longer than 1 sec). It is stated that the same imaging conditions were used as for live cells, 0.5 W/cm\^2, but it\'s not clear of the frame acquisition rate and exposure were also kept the same. The binning of the histogram in panel C suggests that they were not and that the spot lifetime was about 10 exposures, corresponding to \~ 1 sec with the acquisition rate in live cells (panel B of Figure 3---figure supplement 1).

Can the authors address these apparent discrepancies?

2\) Detection of spot lifetime in images. To address the difficulty of large number of spots in noisy images, the authors used a combination of automated and manual tracking of spot lifetime. However the spots are near the threshold of detection and in the provided videos and montages of Figure 1C and D it\'s hard to tell when the spot signal started and ended and whether blinking occurs. Providing examples of spot intensity versus time could help the readers evaluate the ability to detect and measure single molecule lifetimes, including addressing blinking effects and tracking errors. The effect of blinking could also be address nicely in fixed cells. The spot intensity should decrease rather abruptly in a depolymerization event and not slowly as might occur when the spot moves slowly out of focus.

3\) How did the authors distinguish spots in patches at the cell middle that internalize away from the plane of focus versus spots in patches at the cell tip that could move parallel to the plane of focus? Does this effect influence the movement statistics in Figures 4-6?

\[Editors' note: what now follows is the decision letter after the authors submitted for further consideration.\]

Thank you for submitting your article \"Single-molecule turnover dynamics of actin and membrane coat proteins in clathrin-mediated endocytosis\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, one of whom is a member of our Board of Reviewing Editors and the evaluation has been overseen by Vivek Malhotra as the Senior Editor. The reviewers have opted to remain anonymous.

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

All three reviewers found the manuscript significantly improved. They stated that the study provides important new information on the dynamics of actin and actin-associated proteins at the sites of clathrin-mediated endocytosis, and thus elucidates the mechanism of actin-based force generation in endocytosis. However, reviewers \#2 and \#3 raised few relatively minor points that should be addressed before publication.

Reviewer \#2:

1\) For completeness and making a more convincing case, I suggest that the authors provide one example of a video (single cells may be sufficient) for all tagged proteins and especially actin, for live and fixed cells as relevant.

2\) Since, the authors work really at the limit of spot detection, providing examples of the filtered version of the video(s) that were used for measuring spot lifetime can also make the study more convincing. For non experts, it may be hard to see how lifetime measurement is feasible in the provided example of Acp1.

Reviewer \#3:

1\) In the Introduction, the authors state that, \"As has been shown in other actin systems, continuous turnover of filaments allows a network to convert a larger amount of energy from ATP hydrolysis of actin polymerization into mechanical work over the meshwork\'s lifetime.\" And, \" Based on these results, we suggest that the amount of force produced by the endocytic actin meshwork might be higher than has been previously estimated.\" These statements are not accompanied by any references. Given that this is a major finding, these statements should be supported by literature.

2\) In light of point 1 above, some estimates of force production with and without actin turnover considerations would shed greater light on the impact of the work and make the manuscript more broadly accessible.

3\) The modeling part of the work is now clearly explained, in that different models can give rise to the similar behavior (Figure 1). But now I\'m wondering how does this contribute to the paper? The experiments and their discussions by themselves seem more solid and it seems that the modeling aspect really doesn\'t identify hypotheses or bring significant value to the interpretation of the data. It is true that\'s multiple mathematical mechanisms can give rise to similar looking functions but unless one is able to distinguish one mechanism from the other with a large degree of certainty, it\'s best to leave this portion out.

10.7554/eLife.52355.sa2

Author response

\[Editors' note: the author responses to the first round of peer review follow.\]

Reviewer \#1:

> \[...\] The data presented in the manuscript appear of very good technical quality, and the study provides interesting insights into the molecular mechanisms of clathrin-mediated endocytosis. My main concern is that the data are somewhat redundant with the earlier FRAP analysis of endocytic components. For example, the studies by Kaksonen et al., (2003 and 2005) demonstrated (by using a Sla2del strain) that continuous actin polymerization occurs at the membrane of endocytosis structures in budding yeast with a comparable rate to the one determined in the present manuscript. This was also confirmed with another approach by Michelot et al., 2013. Thus, it is unclear for this reviewer, why the authors state several times in the manuscript that the \'common interpretation of the previous data is that the entire actin meshwork assembles and disassembles once during the total lifetime of the endocytic patch\'. Moreover, the rapid turnover of clathrin was earlier demonstrated by FRAP analysis (Avionam et al., 2015). To merit publication in eLife, the authors should much better describe what it really novel in this study compared to earlier FRAP etc. experiments, and explain what fundamentally new information this work provides about the mechanisms of endocytosis. Otherwise, the manuscript is better suited for publication in a more specialized journal.

We thank the reviewer for their positive comments on the technical and experimental quality.

We emphasize that while our results are consistent with those FRAP experiments, single-molecule observations extend beyond some important limitations of FRAP data. Indeed interpretation of FRAP data can give access to the time-constant for recovery, which is a combination of the apparent on- and off-rate constants, but requires assumptions (typically bi-molecular binding with mass-action kinetics) that are sometimes difficult to verify. Our single-molecule approach gives a distribution of residence times instead of one summary number, and is independent of any assumption or modeling. For example, our data clearly show that the dynamics of the endocytic proteins we have measured does not follow simple mass action kinetics (otherwise, the residence time distributions would be exponential). Distributions also allow a more detailed view of complex behaviors, as in the case of Fim1 where we observed a heterogeneous distribution with a sub-population of very short residence time events (Figure 3).

In the case of CME in wild-type cells, because the number of molecules is continually and rapidly changing, interpretation of FRAP data is difficult and does not have high precision. To make it easier, previous FRAP studies have used mutants or in vitro system to observe longer-lasting comet tails (e.g. Kaksonen et al., 2003 and Michelot et al., 2013). The numbers they measured are informative, but might not be the same as in a wild-type context.

We believe that most people in the field do not include turnover in their thinking about endocytosis. Most papers that have been recently published, including reviews and mathematical models from the labs who published the FRAP papers cited by Reviewer 1, have assumed that endocytic proteins assemble once while the endocytic pit is elongated, then disassemble after the vesicle is pinched off. For example, this no-turnover hypothesis is particularly clear in the computational simulations presented in Mund et al. (Cell, 2018) and Akamatsu et al. (BioRxiv, 2019). In these models (and other papers), it is believed that the force exerted on the barbed ends of actin filaments slows down their polymerization, which makes turnover incompatible with the forces exerted and the timescale of endocytosis.

We have revised the Introduction and Discussion sections to better explain these limitations of previous studies and highlight the novel insights of our approach.

> Moreover, the conclusions of the present study are entirely based on one method. Thus, the authors should use an alternative approach to confirm the main findings. They could e.g. carry out FRAP experiments on mEGFP-fusions of at least one actin filament binding protein and one nucleation promoting factor. If these proteins indeed display very short residence times in endocytic patches, this should be evident also form photobleaching experiments.

The reviewer agreed above that our data are consistent with previous FRAP experiments with actin and clathrin. We have now added new FRAP experiments on other proteins (Wsp1p, Myo1p, Fim1p, Acp1p) which have not been previously reported. These experiments are presented in Figure 2F and Figure 2---figure supplement 2.

Similar to previous reports on other endocytic components, we observe rapid recovery of fluorescent signal after photobleaching of the endocytic patch. Importantly, the recovery time is on the order of 1-2 sec and the bleached patches reach a maximum intensity similar to unbleached patches, indicating that the recruited molecules are rapidly turned over and the whole assembly is turned over and renewed multiple times during the course of a CME event. This observation is consistent with our single-molecule data and strengthens our conclusions from that technique.

This data is presented in Figure 2F and Figure 2---figure supplement 2, and see revised text in Results, Discussion, and Materials and methods.

Reviewer \#2:

> In this manuscript, Lacy et al. aim to distinguish different mechanisms of molecule residence lifetimes using a combination of modeling and experiments. From the experimental standpoint, the authors provide quantitative measurements using a method they developed previously (Lacy et al., 2017) and I have no complaints with that. However, they use the model to identify possible mechanisms and here is where things get difficult.

We thank the reviewer for their positive comments about the experimental data. However, it seems that our discussion and presentation of the simulation components caused significant confusion. We apologize for that and have made revisions as detailed below.

> 1\) What are they modeling? I read their Materials and methods, downloaded their MATLAB files, and tried to make sense of Figure 1. Given the sparse details in the Model simulations sections, I cannot make any sense of the model, the justification for the many assumptions and choice of parameters.

As noted above, we apologize for the confusion. We did not aim to model the full complexity of molecular binding/unbinding and actin dynamics in CME but only intended to illustrate the basic logic of "turnover" and "residence times". These calculations simply show that a similar time profile of accumulation of arbitrary objects can be achieved with very different logical rules, regardless of the underlying molecular processes.

We have added better documentation in the Matlab script (Source code 1) and revised the descriptions in Results and Materials and methods.

> 2\) Then I downloaded the MATLAB file and tried to read it. At first glance, there is no documentation in the file, so I can\'t understand what\'s going on. After an inordinate amount of time spent on this. m file, I found the function simulator. It is a series of random and sorting functions! How do these functions represent the schematics in Figure 1A and B? Because the MATLAB file does not contain any representation of binding and unbinding events as mentioned in the Introduction, based on the information provided to me, the modeling component is not rigorous nor representative of the process they study.

We have revised the text to better explain this component and improved the documentation of the code. As noted above, we clarify that it is an exercise in mathematical logic rather than any attempt of modeling of the molecular mechanisms. For example, the text now refers to "arrival and departure times" of "objects" or "components" rather than "binding and unbinding" of "molecules" or "monomers".

We hope the editor and reviewer will agree that these calculations provide a useful illustrative exercise, even without explicit molecular details. A rigorous and complete molecular simulation of CME is beyond the scope of this paper, although it is a focus of ongoing work in our lab.

We have added better documentation in the Matlab script (Source code 1) and revised the descriptions in Results and Materials and methods.

> 3\) The final issue is that the authors propose to distinguish different mechanisms from their data on the basis of this model. But since I don\'t understand the model, I cannot comment on the accuracy of the remainder of the work and therefore the scientific conclusions.

Again, we apologize for the confusion but we emphasize that the scientific conclusions of our work do not rely on the modeling presented at the start of the Results. The modeling was used to illustrate to readers that the previously-observed bulk assembly and disassembly time profiles can be generated by very different underlying behaviors. Our single-molecule speckle microscopy results directly support a model of continuous turnover and disprove a model of single-turnover assembly, without any explicit need for simulations to aid the interpretation.

As in the original manuscript, this modeling exercise is only mentioned briefly in the Discussion and is not necessary to reach our conclusions, but we have now revised the text as noted in Results.

Reviewer \#3:

> Using single molecule labeling and imaging methods, Lacy et al. report that the lifetime of actin molecules and many of their regulators in actin patches is very short, on the order of seconds. This is much shorter than anticipated time based on the \~ 20 sec lifetime of actin patches. It is consistent with other studies in animal cells using similar methods that supported local turnover of dendritic actin structures. As yeast is a model organism for the study of actin cytoskeleton, this results will be noticed and important to the broad cytoskeleton field. I have however a few questions that I feel need to be addressed, mostly regarding the controls for accurate detection of such short-lived events.
>
> 1\) Effect of photobleaching. In subsection "Single-molecule residence times of endocytic proteins are short" it is stated that photobleaching occurs over \~ 1 min so photobleaching is not important on the fast times scales of order 1 sec where actin turnover occurs. However this statement is not so obvious to me. In panel A of Figure 3---figure supplement 1 as well as Video 2 it\'s clear that photobleaching is significant over 5-10 sec, a time that could severely influence the calculated fraction of longer-lived spots (that would stay in the patch for a longer time and thus represent a bigger fraction of actin the patch). Further, given that in panel A the spots renew themselves by new monomers coming into the plane of focus, the photobleaching in the plane of focus could be even higher.

We thank the reviewer for this comment, as the concern about photobleaching is an important consideration. Our characterization of bleaching in the original text may have been overstated and we did not explain our interpretation sufficiently clearly.

Because the illumination field is partial-TIRF (also known as HILO -- Highly inclined and laminated optical sheet -- or VAEM -- variable-angle epifluorescence microscopy) and not complete TIRF, we do not believe there is a big difference between bleaching "in the plane of focus" and in the rest of the cell because a large fraction of the cell volume is illuminated. In fact, some images were focused above the cell base and we observed events near the cell tips, indicating that half the cell or more is illuminated. Although spots appear when monomers enter the plane of focus, they are already in the illumination volume, which is why the overall number of molecules decays over time instead of a constant renewal of unbleached fluorophores.

The decay of spots per frame in Figure 3---figure supplement 1A does change in proportion to the difference of laser power but the residence time distributions in panel B are indistinguishable. This would not be observed if the residence times were significantly affected by photobleaching rates.

We have revised the text in Results to better address these points.

> A control experiment on fixed cells is presented in panel C of Figure 3---figure supplement 1 where the spot lifetime is 15 sec on average (which is less than a min but longer than 1 sec). It is stated that the same imaging conditions were used as for live cells, 0.5 W/cm\^2, but it\'s not clear of the frame acquisition rate and exposure were also kept the same. The binning of the histogram in panel C suggests that they were not and that the spot lifetime was about 10 exposures, corresponding to \~ 1 sec with the acquisition rate in live cells (panel B of Figure 3---figure supplement 1).
>
> Can the authors address these apparent discrepancies?

We apologize that the original description was not clear. All the imaging conditions and camera settings, including frame acquisition and exposure time, were indeed the same. The reviewer's suggestion that these lifetimes correspond to \~1 sec is incorrect. The difference in binning size is simply for the purpose of displaying the data, as the number of spots tracked in the fixed-cell images was much smaller. The time axes and data are displayed properly and there is no discrepancy; the average lifetime was indeed 15 sec with several events tracked over 30 to 60 sec.

We have revised the text to clarify these points in Materials and methods and Results and Supplemental figure legend.

> 2\) Detection of spot lifetime in images. To address the difficulty of large number of spots in noisy images, the authors used a combination of automated and manual tracking of spot lifetime. However the spots are near the threshold of detection and in the provided videos and montages of Figure 1C and D it\'s hard to tell when the spot signal started and ended and whether blinking occurs. Providing examples of spot intensity versus time could help the readers evaluate the ability to detect and measure single molecule lifetimes, including addressing blinking effects and tracking errors. The effect of blinking could also be address nicely in fixed cells. The spot intensity should decrease rather abruptly in a depolymerization event and not slowly as might occur when the spot moves slowly out of focus.

We thank the reviewer for raising this comment, as this point was not explained clearly enough in the original submission. However, we clarify that we did not use "a combination of automated and manual tracking of spot lifetime" for our single-molecule experiments in live cells, as all the spot detection and tracking for single-molecule data was performed in a fully automated manner. We only used semi-manual tracking for fixed cells (as in Figure 3---figure supplement 1C) and on GFP patches (as in Figure 2C). Semi-manual tracking was used in GFP-labeled cells because there are too many overlapping patches to reliably track isolated patches automatically; this is a standard method we and others in the field have used.

We provided several indirect measures of the tracking algorithm's quality and robustness (see Figure 3---figure supplement 3 and Materials and methods "Characterization of tracking parameters and data quality"). Unfortunately, this question could not be easily addressed in fixed cells due to increased background fluorescence in these samples, which required different spot detection and semi-manual tracking (making any comparison of technical accuracy invalid).

Due to the tracking algorithm workflow, the intensity of spots at time points which are not detected or not included in a track (whether due to blinking, insufficient signal/noise to meet thresholds, etc.) are not calculated and are not retained in the output data so we cannot directly display the intensity over time in the way the reviewer suggests. We felt it would be misleading to present readers with intensity profiles calculated by a different method which could calculate the intensity at "missed" time points as evidence of the tracking algorithm's accuracy. But, due to the reviewer's concern we now provide this as a new part of Figure 3---figure supplement 1.

We also refer to Figure 3---figure supplement 3, where we showed the effects of varying the tracking parameters and the artifacts introduced by over- or under-linking (i.e. improperly accounting for blinking and signal/noise effects). Gaps in a track are due to photophysical blinking of the dye or to missed detections of the tracking algorithm due to the low signal/noise ratio and must be linked with appropriate sensitivity. The parameter values were chosen to maximize the track lifetimes and minimize these artifacts.

We also note that increasing the laser power (which not only increases the signal/noise ratio but also increases rates for photophysical blinking/bleaching) had no effect on track lifetimes when using the same tracking parameters (Figure 3---figure supplement 1).

We have revised the text to better discuss these issues (subsection "Single-molecule residence times of endocytic proteins are short").

> 3\) How did the authors distinguish spots in patches at the cell middle that internalize away from the plane of focus versus spots in patches at the cell tip that could move parallel to the plane of focus? Does this effect influence the movement statistics in Figures 4-6?

We did not distinguish spots at the cell middle versus spots at the cell tip, and have not attempted any alignment or averaging of trajectories.

As explained in the text, we attribute large scale motions (\>500 nm) to molecules associated with the diffusing vesicle; after scission the vesicle moves randomly in three dimensions regardless of its origin or the relative orientation of the membrane. Given the limits of our resolution we do not rely heavily on small differences in short motions (\<100 nm), which reflect a mix of 2D-diffusive membrane-bound molecules or molecules moving with the invaginating CCP, in various orientations. Interpretation of these features would be complicated by the localization precision of our algorithms (\~50 nm).

However, because all samples were imaged in the same partial-TIRF mode, this factor has a similar effect on all the datasets and cannot explain the differences in behaviors between proteins.

We have added a statement acknowledging this limitation.

\[Editors\' note: the author responses to the re-review follow.\]

> All three reviewers found the manuscript significantly improved. They stated that the study provides important new information on the dynamics of actin and actin-associated proteins at the sites of clathrin-mediated endocytosis, and thus elucidates the mechanism of actin-based force generation in endocytosis. However, reviewers \#2 and \#3 raised few relatively minor points that should be addressed before publication.

We thank the reviewers and the editors for their positive comments. We have edited the manuscript and provided additional Supplementary files as indicated in our responses below.

In addition to these comments, we have also added the Key Resources Table in the Materials and methods. Because the Key Resources Table includes information on yeast strains, we have removed Table 4 and incorporated that information here instead.

Reviewer \#2:

> 1\) For completeness and making a more convincing case, I suggest that the authors provide one example of a video (single cells may be sufficient) for all tagged proteins and especially actin, for live and fixed cells as relevant.

We have included representative videos for all samples as suggested.

> 2\) Since, the authors work really at the limit of spot detection, providing examples of the filtered version of the video(s) that were used for measuring spot lifetime can also make the study more convincing. For non experts, it may be hard to see how lifetime measurement is feasible in the provided example of Acp1.

We did not apply any additional filtering or processing to the videos before analysis. The videos provided here are inverted contrast and compressed in AVI format for web submission, but the raw TIFF files are available upon request. We have added a note to explain this in the Supplementary file legends.

Reviewer \#3:

> 1\) In the introduction, the authors state that, \"As has been shown in other actin systems, continuous turnover of filaments allows a network to convert a larger amount of energy from ATP hydrolysis of actin polymerization into mechanical work over the meshwork\'s lifetime.\" And, \" Based on these results, we suggest that the amount of force produced by the endocytic actin meshwork might be higher than has been previously estimated.\" These statements are not accompanied by any references. Given that this is a major finding, these statements should be supported by literature.

We have edited these sentences and added references. We clarify that these are two different, though related, points. Previous studies have found that actin filament turnover is necessary for sustained force production and enables greater force over time than a meshwork generated by a single assembly phase. We also emphasize the conclusion that a higher number of molecules consumed implies more total available energy through ATP hydrolysis and other biochemical mechanisms, however we do not make any calculations of actual forces and energy.

See the Introduction, and point 2 below.

> 2\) In light of point 1 above, some estimates of force production with and without actin turnover considerations would shed greater light on the impact of the work and make the manuscript more broadly accessible.

Because the force of actin polymerization depends on a variety of factors (see our recent review, Lacy 2018 FEBS Letters), we did not attempt to calculate force outputs of the actin meshwork and other CME components. However, we infer that if the continuously turned over CME meshwork consumes up to five times more molecules of ATP-actin, myosin I, and other components than previously estimated, then the total amount of energy available to be expended as physical work would also up to five times higher than previous estimates. This is not really an estimate of the actual force output, but is suggested as a greater upper limit of available energy for force generation than might be expected based only on the total number of molecules present. The endocytic patch contains approximately 6,500 actin monomers at its peak (Sirotkin, 2010 MBoC, Berro, 2010 MBoC), but based on the residence times we report here, a single patch might consume more than 30,000 actin subunits over time. Further modeling and experimental work is needed to understand how the available chemical energy is converted into mechanical work.

We note that recent theoretical work based on the dendritic nucleation model (which includes filament turnover) suggests the actin meshwork is capable of producing sufficient forces for CME, \~2500 pN (Nickaeen et al., 2019).

We also point out that a meshwork that is rapidly and continuously turned over may have additional important mechanisms allowing generation and distribution of forces that are not considered by previous models, which makes a direct comparison of force outputs based on simple calculations more difficult and perhaps less meaningful.

We have made some edits to the text which we believe addresses both point 1 and point 2, see Introduction, and subsection "Implications of actin turnover for force production models".

> 3\) The modeling part of the work is now clearly explained, in that different models can give rise to the similar behavior (Figure 1). But now I\'m wondering how does this contribute to the paper? The experiments and their discussions by themselves seem more solid and it seems that the modeling aspect really doesn\'t identify hypotheses or bring significant value to the interpretation of the data. It is true that\'s multiple mathematical mechanisms can give rise to similar looking functions but unless one is able to distinguish one mechanism from the other with a large degree of certainty, it\'s best to leave this portion out.

The goal of the modeling presented in this paper is to demonstrate that the commonly believed idea, namely the discrete assembly/disassembly model illustrated where the actin assembles while the clathrin-coated pit elongates then disassembles after the vesicle is pinched off, is not compatible with our single-molecule residence time data. We think that hypothesis rejection is a very powerful use of mathematical modeling, and arguably the only rigorous conclusion one can draw from a model or an experiment (Berro, 2018; Popper, 1959). For this reason, we strongly believe our modeling efforts belong in this paper. In addition, we propose a mechanism that is compatible with our single-molecule data and discuss its implications, even though we acknowledge that this model is not the only model that could explain the data, and that it does not explicitly detail the molecular mechanisms that drive the short residence of the single molecules we measured. This model of a dendritic network with rapid and continuous turnover should serve as an inspiration for the community to design future experiments and models that will aim to uncover the underlying molecular mechanisms.
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